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We report angle-resolved photoelectron spectroscopy measurements of the quantum critical metal
Sr3Ru2O7 revealing itinerant Ru 4d-states confined over large parts of the Brillouin zone to an
energy range of <∼ 6 meV, nearly three orders of magnitude lower than the bare band width. We
show that this energy scale agrees quantitatively with a characteristic thermodynamic energy scale
associated with quantum criticality and illustrate how it arises from the hybridization of light and
strongly renormalized, heavy quasiparticle bands. For the largest Fermi surface sheet we find a
marked k-dependence of the renormalization and show that it correlates with the Ru 4d - O 2p
hybridization.
PACS numbers: 71.20.-b, 71.27.+a, 79.60.-i, 71.18+y,
The bilayer ruthenate Sr3Ru2O7 exhibits intriguing
thermodynamic and transport properties – including itin-
erant metamagnetism and electronic nematicity [1–7]
– that are reminiscent of f -electron quantum critical
heavy-fermion systems and have generated significant
theoretical interest [8–17]. These properties are remark-
ably different from the single layer strontium ruthen-
ate Sr2RuO4 and cannot be understood in an indepen-
dent electron picture. Within band structure theory in
the local density approximation (LDA), Sr2RuO4 and
Sr3Ru2O7 have a wide bare conduction band, formed by
relatively extended Ru 4d states hybridizing with O 2p
electrons, and a similar density of states at the Fermi
level. Despite the moderate Coulomb repulsion in the
Ru 4d shell, a sizable correlation driven enhancement of
the Sommerfeld coefficient of γ/γLDA ≈ 4 is observed in
Sr2RuO4 which was recently argued to be a consequence
of Hund’s rule coupling reducing the coherence scale away
from half filling [18, 19]. The even larger electronic spe-
cific heat of Sr3Ru2O7 with γ/γLDA ≈ 10 is indicative of
enhanced electronic correlations in the bilayer system.
Recent transport and entropy data give a detailed pic-
ture of quantum criticality and the formation of an elec-
tron nematic phase in Sr3Ru2O7 [4, 6, 7, 20]. Particularly
relevant in the context of this paper is the observation
of a maximum in the electronic specific heat Cel(T )/T
near 8K with its position continuously suppressed with
increasing field, terminating in a logarithmic divergence
at the putative quantum critical end point [7]. Taken
together with the absence of a mass divergence in sev-
eral Fermi surface sheets [20], this provides strong evi-
dence that criticality is driven by the suppression of a
single energy scale, which is at least two orders of mag-
nitude smaller than the bare band width, and present in
a subset of bands only. However, despite recent progress
in characterizing the low-energy electronic structure of
Sr3Ru2O7 [21–23], the microscopic origin of this energy
scale remained elusive.
Here, we report detailed angle-resolved photoelectron
spectroscopy (ARPES) measurements of Sr3Ru2O7 re-
vealing flat Ru 4d bands that define an energy scale
consistent with thermodynamic measurements. We show
how this energy scale arises microscopically from the hy-
bridization of strongly renormalized bands with disper-
sive states. The resulting Fermi liquid has a strongly
sheet and momentum dependent renormalization of the
Fermi velocity, reaching values more typically encoun-
tered in f -electron Kondo systems.
For the experiments presented here, we used crys-
tals grown by the floating-zone method as described in
Ref. [24] with residual resistivities as low as 0.4 µΩcm.
Our photoemission experiments were performed using
16 to 57 eV photons from SSRL’s beamline V-4, BESSY-
II’s 13 beamline and the SIS beamline at SLS, as well as
He Iα radiation from monochromatized discharge lamps.
The measurements were taken at temperatures around
8 K (Figs. 1, 2(a,e), 3) and 1.1 K (Figs. 2(a,b,c)) and
energy and angular resolutions of 3.5 to 5 meV and
≈ 0.3◦, respectively. Density functional calculations
within the local density approximation (LDA) were per-
formed using the all-electron code Wien2k including spin-
orbit coupling and the pseudo-potential code Quantum
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2FIG. 1. (a) Parametrization of the low-energy quasiparticle band structure of Sr3Ru2O7 derived from experimentally determined
initial state energies. (b-c) False color plots (dark colors correspond to high photocurrent throughout this paper) from the
L-gap surface state on Cu(111) and the δ-pocket on Sr3Ru2O7, illustrating the marked effect of correlations on the quasiparticle
dispersion in Sr3Ru2O7. (d,e) Spectra at the Γ point of Sr3Ru2O7 and Cu(111), respectively. (f) Comparison of the zero-field
electronic specific heat from Ref. [7] with a calculation of Cel(T )/T =
1
T
∂
∂T
∫
εg(ε)f(ε, T )dε based on ARPES data. The
density of states g(ε) is computed numerically from the parametrization of the experimental low-energy band structure shown
in (a). We assumed a two-fold degeneracy of the bands around the X-point, as indicated in Fig. 2(a) and a constant g(ε) above
the Fermi level.
Espresso [25, 26].
The low-energy electronic structure of Sr3Ru2O7 is
summarized in Fig. 1(a) where we show the experimen-
tal Fermi surface data from our previous work [22] with a
new parametrization of the low-energy quasiparticle dis-
persion derived from ≈ 103 experimentally determined
initial state energies. While the band topography re-
sembles the LDA band structure [22, 27], the experi-
mental quasiparticle velocities are markedly lower than
the calculated bare velocities. This behavior is well
known for correlated Fermi liquids and can be character-
ized by a renormalization constant (Fermi liquid residue)
Z−1FL ≈ vLDA/vexp, where vLDA and vexp are the group
velocities of bare bands as calculated within LDA and
the measured quasiparticle bands at the Fermi level, re-
spectively. The magnitude of Z−1FL in Sr3Ru2O7 is highly
unusual even for transition metal oxides, and contrasts
strongly with a weakly interacting electron gas. We illus-
trate this in Fig. 1(b-e), where we compare the paraboli-
cally dispersing δ-pocket of Sr3Ru2O7 with the weakly
interacting electron gas found at the Cu(111) surface
[28, 29]. Both of these states have similar bare band
masses of ≈ 0.4 me. Yet, while the quasiparticle disper-
sion in Cu closely follows the bare band, the band width
of the δ-pocket in Sr3Ru2O7 is reduced to ≈ 5 meV, cor-
responding to a renormalization constant of Z−1FL ≈ 25.
At the same time the spectral weight of the coherent
quasiparticle peak is reduced and pushed to higher en-
ergy, resulting in the characteristic ‘peak-dip-hump’ line
shape of strongly interacting systems (Fig. 1(d)).
Equally strong band renormalization, combined with
marked multi-band effects, is observed over a large k-
space volume spanned by the hybridized α2 − γ2 sheet.
For these bands of mixed xz/yz, xy orbital character, the
low energy scale is much more consequential, since the
larger area in k-space leads to a higher associated den-
sity of states. In Fig. 2 we show the quasiparticle disper-
sion along ΓX extracted from several measurements with
different photon energies and polarizations. Attempting
to describe the experimental dispersion with a minimal
model, we approximate the peak positions by 8 cosine
bands tracking the dispersions of the fundamental bilayer
split xy and xz/yz orbitals and their back-folded copies
xy′, xz/yz′. [See Fig. 2(d) for a sketch of the reduced
Brillouin zone of Sr3Ru2O7. The bilayer splitting in the
xy sheet is not resolved experimentally and is for illustra-
tive purposes only.] Intriguingly, these cosine bands have
very different band widths with Fermi velocities varying
by more than an order of magnitude. In the presence of
spin-orbit coupling [30, 31] this situation naturally leads
to the hybridization of very itinerant light bands and
heavy states near the Fermi level. The resulting low-
energy contour (Fig. 2(a)) remains confined to an energy
range of <∼ 6 meV over an extended part of the Brillouin
zone and has a complex shape with multiple saddle-point
and band-edge singularities, mostly close to the X point.
This includes a band maximum at −1±1meV that might
lead to the putative γ2 pocket, as discussed in our previ-
ous work [22].
Several authors proposed that many (although not all)
properties of quantum critical materials as they are seen
in Sr3Ru2O7 and some heavy fermion systems can be ex-
plained assuming a narrow peak in the density of states
close to or locked to the chemical potential [5, 7, 32, 33].
Moreover, Rost et al. [7] recently showed experimentally
that the quantum critical endpoint in Sr3Ru2O7 appears
to be rooted in the suppression of a single energy scale,
identified as the peak position of a maximum in the zero-
field specific heat Cel(T )/T around 8 K. The heavy bands
observed by ARPES naturally lead to a Cel(T )/T curve
3FIG. 2. (a) Band dispersion along ΓX extracted from ARPES
measurements with different photon energies and polariza-
tions. The parallel momentum is given in units of pi/a, where
a is the lattice constant in the undistorted tetragonal struc-
ture of Sr2RuO4. 8 cosine dispersions track the fundamen-
tal xz/yz and xy bands and their backfolded copies (xz/yz′,
xy′). The low-energy contours arising from the hybridiza-
tion of these bands is indicated by a thick blue line. (b,c)
Representative cuts measured with hν = 21.2 eV and 50 eV
photons, respectively. (d) Relation of the Brillouin zones of
Sr2RuO4 and Sr3Ru2O7. (e) Comparison between the xy
band in Sr2RuO4 (false color plot) and Sr3Ru2O7 (data points
and green lines from panel (a)).
similar to the one reported in Ref. [7]. Indeed, a cal-
culation of Cel(T )/T =
1
T
∂
∂T
∫
εg(ε)f(ε, T )dε using the
quasiparticle density of states g(ε) obtained from a his-
togram of the parametrized low-energy band dispersion
shown in Fig. 1(a) reproduces the hump in Cel(T )/T at
the correct temperature (Fig. 1(f)), as a direct conse-
quence of the low energy contours discussed above.
This strongly suggests that the energy scale defined
by the hybridized α2 - γ2 band, which dominates g(ε),
is intimately involved in quantum criticality and the for-
mation of an electron nematic state in high field. The
complex shape and orbital character of this sheet, evolv-
ing from the out-of-plane α2 pocket to xy-dominated
FIG. 3. Quasiparticle dispersion and renormalization along
the α1,2 Fermi surface sheets. (a,b) show ARPES data along
ΓX and ΓM with a globally compressed LDA calculation and
a tight-binding dispersion overlaid. (c) Experimentally deter-
mined α1,2 Fermi surfaces. Red arrows are proportional to
Z−1FL=vLDA/vexp, i.e. longer arrows indicate a higher renor-
malization constant. The bilayer-split fundamental bands
from the one-dimensional dxz, dyz orbitals before hybridiza-
tion are indicated in blue (symmetric |+〉) and pink (anti-
symmetric |−〉). (e,f) Valence charge density distribution for
the highly and weakly renormalized states at k-points on the
symmetric and antisymmetric Fermi surfaces (dots in (c)).
The strongest difference is visible at the O pz orbitals within
a bilayer (red arrows).
states near X327 (as defined in Fig. 2(d)), highlights the
need for realistic models of nematicity in Sr3Ru2O7 to
include all three t2g orbitals as well as spin-orbit cou-
pling [11, 15, 17].
For the remainder of this paper we discuss the un-
usual Fermi surface sheet- and momentum-dependence
of the mass enhancement in Sr3Ru2O7 which underlies
the formation of the heavy α2 - γ2 sheet. In Fig. 2(e) we
compare the dispersion in Sr3Ru2O7 near the X
327 point
with the same k-space cut in Sr2RuO4, which probes the
heaviest single-layer states found in the xy sheet around
the unoccupied van Hove singularity at the M214-point.
This shows that only the lightest bands in Sr3Ru2O7 are
as dispersive as the bands in the single layer compound,
confirming markedly enhanced correlations in Sr3Ru2O7.
4However, the very large masses in Sr3Ru2O7 cannot be
assigned exclusively to stronger interactions. For in-
stance in the case of the xy sheets, the reduced dispersion
of xy′ along ΓX327 is in part the simple consequence of
back folding the isotropic fundamental xy sheet result-
ing in Fermi surface contours that are nearly parallel to
the ΓX327 line and thus disperse weakly along this direc-
tion. This occurs in the LDA calculated bands as well,
although their Fermi velocities are much higher. How-
ever, for the bilayer split quasi-one-dimensional xz/yz
and xz′/yz′ bands a different band width is unexpected
and cannot be understood in a similar non-interacting
band structure picture.
The xz′/yz′ bands hybridize weakly to form the α1,2
Fermi surface contours as shown in Fig. 3(c). Within
LDA these sheets have nearly isotropic bare Fermi ve-
locities, consistent with naive expectations. However,
the quasiparticle dispersion along the α2 Fermi sur-
face, which was also detected in spectroscopic imaging
STM [23], is clearly anisotropic. This is evident from the
dispersion plots shown in Fig. 3(a,b), where we overlay
an LDA dispersion, globally compressed by a factor of 6
onto the data. This reproduces the Fermi velocity along
ΓM but overestimates it by a factor of ≈ 3 along ΓX.
The renormalization Z−1FL along the entire α1,2 Fermi sur-
face sheets is visualized in panel (c) by red arrows with
lengths proportional to vLDA/vexp, with vexp extracted
from a large number of cuts normal to the Fermi surface.
This demonstrates that the self-energy in Sr3Ru2O7 has a
marked momentum dependence, which is unexpected for
a Fermi liquid where local electron-electron correlations
dominate the mass enhancement.
Intriguingly though, there is a clear correlation be-
tween Z−1FL and the character of the wave functions
at the Fermi surface. To illustrate this we introduce
a simple tight-binding model describing the xz/yz or-
bitals of an isolated bilayer using in-plane (t, t⊥) and
out-of-plane (tz, t
′) hopping elements as illustrated in
Fig. 3(d). The dispersion of this model along ΓX is
εk± = 2(t ± t′) cos kx ± tz and its Fermi surface con-
sists of the two sets of slightly curved light blue and
pink lines in Fig. 3(c) which correspond to the sym-
metric (|+〉) and antisymmetric (|−〉) combinations of
the xz/yz orbitals in the upper and lower RuO2 plane;
|±〉 = |upper〉 ± |lower〉. It is evident from this analysis
that the strongly and weakly renormalized bands exactly
follow the |+〉 and |−〉 states, respectively. Since the
antisymmetric combination |−〉 has a node at the api-
cal O site, it is intuitive that these states hybridize to a
different degree with O p levels. Indeed, our LDA calcu-
lations (Fig. 3(e,f)) show that only the symmetric com-
bination hybridizes strongly with apical O px,y states in
between the two RuO2 layers, whereas the antisymmet-
ric combination has little weight at the apical O site but
hybridizes with in-plane O pz states. This has a mod-
erate influence on the bare band width along ΓX which
is around 1.6 eV for the antisymmetric and 0.9 eV for
the symmetric combination corresponding to t′/t ≈ 0.25
[34] , similar to what is used for many theoretical mod-
els. Remarkably, our results suggest that interactions
markedly amplify the difference in bare band width, pos-
sibly by reducing the effective in-plane hopping for the
|+〉 states with little weight on in-plane oxygen. Within
our empirical tight-binding picture, this corresponds to a
strongly enhanced ratio t′/t for the many-body dispersion
of ≈ 0.85. Thus, the complexity added over Sr2RuO4 by
the RuO2 bilayer in Sr3Ru2O7 goes far beyond simple
band structure effects and includes substantially altered
many-body interactions, which might hold the clue to
their remarkably different thermodynamic properties.
We note that anisotropic renormalizations Z−1FL are of-
ten observed in single band systems where they are com-
monly attributed to coupling to bosonic modes. Neutron
scattering detected strong antiferromagnetic spin fluctu-
ations in Sr3Ru2O7 at energies <∼ 5 meV and wave vectors
|q1| = 0.18 pi/at and |q2| = 0.5 pi/at [35, 36] that are a
near perfect match to the nesting vectors connecting par-
allel sections of α1,2. However, we find a poor correlation
between nesting and renormalization: While vLDA/vexp
is clearly enhanced for the parallel sections of α2, this
is not the case for the nearly square α1 sheet, which is
as highly nested as α2 and whose nesting vector matches
the strongest antiferromagnetic fluctuations at q2 seen in
neutron scattering. Moreover, both, the absolute magni-
tude of the renormalization in Sr3Ru2O7 as well as its
large anisotropy are hard to reconcile with coupling to
itinerant spin-fluctuations.
In conclusion, we illustrated how orbital dependent
renormalization, backfolding and hybridization lead to
the formation of heavy d-electron quasiparticles in
Sr3Ru2O7. We further argued that, in multi-band sys-
tems such as Sr3Ru2O7, short range electron correlations
can cause a pronounced anisotropy in the mass enhance-
ment, which has a marked influence on the physical prop-
erties. We expect that both of these effects are of general
relevance to 4d transition metal oxides and other strongly
correlated multi band systems.
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